methods: This review summarizes our current understanding of the origins of mouse and human pluripotent cells. We pay specific attention to transcriptional and epigenetic regulation in pluripotent cells and germ cells. Furthermore, we discuss developmental aspects in the germline that seem to be of importance for the transition of germ cells towards pluripotency. This review is based on literature from the Pubmed database, using Boolean search statements with relevant keywords on the subject.
Introduction
In mammals, most tissues are known to harbour stem cells that allow tissue maintenance and repair. The two key features that allow them to do so are: (i) self-renewal, which is the ability to produce new stem cells with equal characteristics as the original stem cell and (ii) the capacity to give rise to differentiated cell types. Stem cells are further characterized by their differentiation potential. For example, unipotent stem cells such as spermatogonial stem cells (SSCs) can give rise to just one differentiated cell type; in this case spermatozoa. Adult stem cells are multipotent and can produce multiple differentiated cell types that are, in general, within the same lineage as the original stem cell. Examples are haematopoietic stem cells, hair follicle stem cells and intestinal stem cells. Pluripotent stem cells such as embryonic stem (ES) cells are even more plastic and can give rise to cells of all three embryonic germ layers as well as germ cells. ES cells and other pluripotent stem cells can proliferate indefinitively, whereas the proliferative capacity of adult stem cells is limited. A fertilized oocyte and blastomeres of the first cleavage stages are considered totipotent, because they can still give rise to all embryonic and extraembryonic lineages. These cells are, however, not considered stem cells because they lack the ability to self-renew.
Because pluripotent stem cells have the capacity to give rise to unlimited numbers of any differentiated cell type, they are considered good candidates to regenerate damaged tissues and organs in future cell therapies. Furthermore, pluripotent stem cells are powerful research tools to study fundamental processes in development and they have considerable utility for drug screens and toxicity testing.
Methods
Mouse and human pluripotent stem cell lines have been derived from a variety of sources such as the pluripotent inner cell mass (ICM) of preimplantation embryos, from primordial germ cells (PGCs), from teratocarcinomas and from male germ cells. Early embryos and the germline seem particularly permissive to the derivation of pluripotent stem cells, but pluripotency is not restricted to these cells, because rather unexpectedly somatic cells can be reprogrammed to a pluripotent state as well. The difference between pluripotent cells of various origins could affect future use in cell therapies, research or drug development.
Here, we review the origins of mouse and human pluripotent cells, the molecular mechanisms that are involved in the generation and maintenance of these cells, and the similarities and differences between the different categories of pluripotent cells in terms of phenotype and epigenetic modifications. At the Pubmed database, Boolean search statements with relevant keywords on the subject were used to obtain relevant literature ranging from 1954 until 2010. Key words that were used include Pluripotency, Embryonic Stem cells, Epigenetics, Germ Cells, Teratocarcinoma and iPS cells.
Embryonic Stem cells
Mouse ES cell lines were first described early in the 1980s and were generated from the ICMs of blastocyst stage embryos (Evans and Kaufman, 1981; Martin, 1981) . As well as using the ICMs of blastocyst stage embryos, mouse ES cell lines have also been generated from explanted or disaggregated morulae and cleavage stage embryos and even from biopsied blastomeres (Eistetter, 1989; Delhaise et al., 1996; Tesar, 2005; Chung et al., 2006; Lorthongpanich et al., 2008) .
The capacity of cells to differentiate into derivatives of all three germ layers and germ cells can be assessed in various ways. In vitro differentiation can be achieved through the formation of the so-called embryoid bodies (EBs) . These structures will be formed when ES cells are grown in drops hanging from the lid of a Petri-dish or upon culture of ES cells in non-adherent dishes. Aggregated ES cells will start to differentiate and recapitulate embryonic development to a limited extent, thereby forming derivatives of all three embryonic germ layers and germ cells. In addition to the EB approach, there are numerous other methods for the in vitro differentiation of ES cells to specific cell types.
Another more stringent way to determine pluripotency of ES cells is through in vivo differentiation, for example by teratoma formation. In this assay, cells are injected subcutaneously into the testis or in the kidney capsule of immunocompromised mice, after which they will induce tumour formation consisting of tissues of all three embryonic germ layers if the injected cells were indeed pluripotent. In even more rigorous tests for pluripotency, cells are aggregated with morula stage embryos or injected into the blastocoel of host embryos. Under these conditions, pluripotent cells can integrate with the cells of the host embryo and participate in its development, contributing to tissues of all three germ layers including germ cells, resulting in chimeras.
Finally, in the tetraploid complementation assay, pluripotent cells are combined with tetraploid preimplantation embryos. The tetraploid cells will preferentially develop into the trophectoderm lineage whereas the developing embryo will be exclusively produced from transplanted diploid cells. Tetraploid complementation is generally considered to be the most stringent test for pluripotency, because in the less stringent chimera assay, compensating embryonic cells from the host can mask limitations in developmental potential of the injected cells (Jaenisch and Young, 2008) . Pluripotency of mouse ES cells has been validated with all of the above methods including the tetraploid complementation assay (Nagy et al., 1993) .
In general, mouse ES cells are co-cultured on a supportive layer of mitotically inactive mouse embryonic fibroblasts (feeder cells) in the presence of fetal calf serum (FCS) and leukaemia inhibitory factor (LIF). The cytokine LIF promotes the self-renewing and pluripotent phenotype of mouse ES cells through activation of Stat3 signalling by binding to heterodimers of the LIF-receptor and the signal transducer Gp130 ( Fig. 1 ; Smith et al., 1988; Williams et al., 1988; Yoshida et al., 1994) . In the absence of serum, mouse ES cells require stimulation by bone morphogenetic protein-4 (BMP4) to prevent the cells from differentiating (Ying et al., 2003) . BMP4 contributes to the preservation of the mouse ES cell phenotype by activating Smad transcription factors, which in turn induce the expression of members of the Id (Inhibitor of differentiation) gene family. Indeed forced expression of Id allows selfrenewal of mouse ES cells in the presence of LIF and absence of BMP4 or serum. Id proteins contribute to the self-renewal of ES cells by inhibition of differentiation towards the neural lineage (Ying et al., 2003) .
Human ES cell lines were first described in the late 1990s (Thomson et al., 1998) . In contrast to mouse ES cells that are usually derived from freshly collected embryos, the main source for human ES cells is cryopreserved human surplus embryos that have been donated by patients undergoing in vitro fertilization (Lerou et al., 2008) . Similar to mouse ES cells, human ES cell lines have also been derived from morula and cleavage stage embryos and from biopsied blastomeres (Klimanskaya et al., , 2007 Chung et al., 2008; Feki et al., 2008; Lerou et al., 2008; Strelchenko et al., 2004; van de Velde et al., 2008; Geens et al., 2009; Ilic et al., 2009) . The currently available arsenal for determining pluripotency of human cells is restricted to in vitro differentiation and teratoma formation. More stringent methods such as chimera formation and tetraploid complementation are not possible in humans due to the clear ethical issues, and it remains therefore unresolved whether human ES cells can participate in normal development. In an effort to determine their in vivo developmental capacity, human ES cells have been injected into mouse blastocysts that were subsequently transferred to pseudo-pregnant foster mice and allowed to develop until embryo day 8.5 (E8.5) ( James et al., 2006) . Although rare, human ES cells persisted up to E8.5, however, it was unresolved if the human ES cells were capable of functionally integrating into the host tissue, or if the human cells were proliferating at this stage ( James et al., 2006) .
Human ES cells are generally maintained on feeder cells in the presence of basic fibroblast growth factor (bFGF) and FCS or Knockout Serum Replacement. In contrast with mouse ES cells, human ES cells have a flattened epithelial morphology and their long-term culture depends on FGF/Nodal and Activin pathways ( Fig. 1 ; Vallier et al., 2005) . Furthermore, in the absence of feeders, LIF prevents mouse ES cells but not human ES cells from differentiating, despite the presence of a functional LIF signal transduction pathway in human ES cells (Thomson et al., 1998; Reubinoff et al., 2000; Humphrey et al., 2004) . Another difference between human ES cells and mouse ES cells is that in vitro human ES cells can differentiate into cells that resemble trophectoderm, either spontaneously (Thomson et al., 1998; Reubinoff et al., 2000) or upon stimulation with BMP-4 (Xu et al., 2002) . Thus, human ES cells have a different developmental potential than mouse ES cells even though both cell types are considered pluripotent. If future studies demonstrate that human ES cells can differentiate into all extraembryonic tissues in addition to their capacity to differentiate into all three germ layers and germ cells, then it could be argued that human ES cells are totipotent, like the zygote or early cleavage stage blastomeres.
Various studies have reported ES cell lines from non-human primates (NHP; Thomson et al., 1995 Thomson et al., , 1996 Suemori et al., 2001; Sasaki et al., 2005; Mitalipov et al., 2006) . NHP ES cells share growth characteristics, colony morphology and marker expression with human ES cells and it is therefore reasonable to assume that they represent similar cell types. In contrast with human ES cells, it is possible to examine the in vivo developmental competence of NHP ES cells in chimeric embryos. However, to date, there are no reports of chimeric animals derived from blastocysts injected with NHP ES cells. Although injected NHP ES cells persist in blastocyst stage embryos (Mitalipov et al., 2006) , transfer of 15 chimeric Figure 1 Schematic representation of the cell signal transduction pathways that are involved in pluripotency of mouse and human ES cells. Mouse ES cells: LIF binds to LIFR and GP130 heterodimers, which results in the activation of STAT3 signalling and AKT signalling and subsequent activation of the downstream target genes Klf4 and Tbx3. BMP binds to heterodimers of the Type I and Type II receptors. As a result, three Smad transcription factors (one of which is Smad 4) trimerize and translocate to the nucleus where they activate the expression of Id genes. LIF and BMP signalling also results in the expression of other members of the pluripotency factor network (e.g. Sox2, Nanog and Pou5f1), but it is unclear if this is a direct or an indirect effect. Human ES cells: FGF binds to FGF-receptor homodimers, which leads to AKT signalling. In parallel, Activin or Nodal homodimers binds to heterodimers of the Type I and Type II receptors. As a result, three Smad transcription factors (one of which is Smad 4) trimerize and translocate to the nucleus. Cooperatively, FGF and Activin/Nodal maintain pluripotency of human ES cells. The question marks depict our lack of knowledge on how these cell signal transduction pathways act on the pluripotency factor network (dashed line) in human ES cells.
blastocysts to pseudo-pregnant females did not result in chimearic offspring. This indicates that the potential of NHP ES cells to contribute to chimeras may be low. Given the similarities between NHP ES cells and human ES cells, human ES cells may have an equally limited ability to participate in normal embryo development.
Epiblast of post-implantation mouse and rat embryos Pluripotent stem cells that are isolated from the epiblast of postimplantation mouse and rat embryos (EpiSCs) can be maintained in defined culture conditions that also support self-renewal of human ES cells (Brons et al., 2007; Tesar et al., 2007) . EpiSCs express markers of pluripotency such as POU domain, class 5, transcription factor 1 (Pou5f1, also known as Oct-4), Nanog and Sox2, and can differentiate in vitro into all three germ layers and germ cells. However, compared with mouse ES cells, EpiSCs have a flattened epithelial morphology that is more reminiscent of human ES cells (Brons et al., 2007; Tesar et al., 2007) . Furthermore, similar to human ES cells (Xu et al., 2002) , EpiSCs can differentiate to cells that express markers for trophectoderm upon stimulation with BMP4 (Brons et al., 2007) . The similarities between mouse EpiSCs and human ES may indicate that human ES cells are derived from epithelialized epiblast cells in the human embryo (Brons et al., 2007; Tesar et al., 2007) .
In comparison with mouse ES cells, EpiSCs have low potential to contribute to chimeras, and germline transmission has not been described. Nevertheless, EpiSCs can differentiate into all three germ layers as demonstrated by their capacity to form teratomas after ectopic injection into immunodeficient mice and in vitro EpiSCs can also differentiate towards PGCs (Brons et al., 2007; Tesar et al., 2007; Hayashi et al., 2009) . Mouse ES cells can give rise to EpiSC-like cells when cultured under EpiSC conditions, and EpiSCs can be converted to pluripotent ES-like cells after culture under ES cell-conditions ( Fig. 2 ; Bao et al., 2009; Guo et al., 2009) .
Explanted ICMs from preimplantation mouse embryos can give rise to a distinct type of stem cells when they are cultured under conditions that also support growth of human ES cells and EpiSCs. These cell lines have been designated FAB-SCs (for bFGF, Activin and BIO-derived stem cells; Chou et al., 2008) . In contrast to EpiSCs, FAB-SCs have global micro-RNA expression profiles similar to those of ES cells, which is suggestive of an intermediary state between regular mouse ES cells and EpiSCs (Chou et al., 2008) . Despite their early embryonic origin and the expression of the pluripotency factors POU5F1, SOX2 and NANOG, FAB-SCs are not pluripotent because they fail to differentiate in common in vitro and in vivo differentiation assays. However, FAB-SCs can convert to pluripotency upon transient LIF/BMP4 stimulation, or by ectopic expression of E-cadherin, an important protein for cell-cell adhesion (Chou et al., 2008) .
Under standard culture conditions, mouse ES cells are heterogeneous in their expression of the pluripotency genes Nanog, Stella and Rex1 (Chambers et al., 2007; Hayashi et al., 2008; Toyooka et al., 2008) . For these genes, reporter cell lines have been designed that express a fluorescent protein when the gene of interest (for example Nanog) is transcriptionally active. These cell lines have been used to sort ES cells that express Nanog, Stella or Rex1. However, during culture a population of ES cells will emerge that is negative for the gene that was initially selected for. The converse is also true; cells that are positive for Nanog, Stella or Rex1 will emerge from populations of ES cells that initially did not express these genes (Chambers et al., 2007; Hayashi et al., 2008; Toyooka et al., 2008) .These findings indicate that within ES cells there are subpopulations of cells that are in a dynamic equilibrium. On the basis of gene expression patterns and developmental potential, it has been suggested that the Stella/Rex1-positive and Stella/Rex1-negative ES cells span the ICM and epiblast phenotype, respectively Toyooka et al., 2008) . This suggests that mouse ES cells are in a continuous process of differentiation from the ICM towards the epiblast phenotype and dedifferentiation from the epiblast phenotype towards that of ICM cells.
Pluripotency and the developing embryo
In order to better understand the mechanism behind pluripotency, it is essential to understand the developmental processes that lead to the formation of blastocyst stage embryos and the establishment of the pluripotent cell population in these embryos that can give rise to ES cells or EpiSCs. Three different cell types can be recognized in blastocyst stage embryos: the trophectoderm (which gives rise to the trophoblast/placenta and the chorion), precursors of the primitive endoderm (which in rodents primarily gives rise to parietal endoderm and the visceral endoderm of the yolk sac after implantation) and precursors of the pluripotent epiblast (which gives rise to the embryo proper, the umbilical cord and the amnion). The formation of these three cell populations is established by two consecutive lineage segregations: firstly the trophectoderm and the cells of the ICM are segregated and secondly, the primitive endoderm and the epiblast are segregated within the ICM (Fig. 3) .
Segregation of the trophectoderm and the ICM
The early cell fate decisions in the developing embryo are governed by key transcriptional regulators. In mouse embryos, a key player in segregation of the trophectoderm and the ICM is the transcription factor POU5F1, which is expressed in all cells up to the morula stage but becomes restricted to the ICM of blastocysts and subsequently the epiblast (Palmieri et al., 1994) . Although the trophectoderm of Pou5f1 null embryos is functional and embryos implant at the blastocyst stage, Pou5f1 null embryos fail to develop an ICM or any of its derivatives, resulting in embryos that are entirely composed of trophectoderm cells instead. As a consequence, Pou5f1 null embryos are not viable and die shortly after implantation (Nichols et al., 1998) .
Another key transcription factor involved in specification of the trophectoderm lineage in mouse embryos is the caudal-related homeodomain protein CDX2. Expression of CDX2 in mouse blastocysts is the inverse of POU5F1 expression and is restricted to the trophectoderm (Beck et al., 1995) .
Functional studies in mouse ES cells suggest that this complementary spatial expression is established through reciprocal inhibition of CDX2 and POU5F1 (Rossant et al., 2003; Niwa et al., 2005) and it has been proposed that this mutual repression causes the specification Figure 2 Origins of mammalian pluripotent cells. In the green column on the left are the developmental stages and in vivo origins from which mammalian pluripotent stem cells have been derived. In the pink column in the middle are the stem cell types that can be propagated in vitro. In the blue column on the right is indicated which in vitro cultured mouse cells can participate in all three germ layers including germ cells as determined by the chimera assay. In the same column is indicated which in vitro cultured mouse cell types can restore spermatogenesis as determined by the testis transplantation assay. Blue arrows indicate the derivation of in vitro cell lines from in vivo origins, yellow arrows indicate in vitro transformation/differentiation of one cell type into another, green arrows indicate in vivo functionality tests of in vitro cultured cells. White numbered squares refer to studies performed in mice and red numbered squares refer to studies performed in human: is not yet clear, because CDX2 and POU5F1 are present in nuclei of all cells at the moment of compaction (Dietrich et al., 2007) . Co-expression of CDX2 and POU5F1 might reflect a certain degree of plasticity of inner and outer cells at this stage of development. Indeed, at the moment of compaction, processes involved in polarization and cell allocation are still reversible, since isolated and re-aggregated outer cells of compacted embryos (16 cells, but not 32 cells) are able to develop into blastocysts with ICM and trophectoderm, and give rise to fertile offspring (Suwinska et al., 2008) . CDX2 acts in concert with the transcription factor GATA3 to induce trophoblast gene expression (Ralston et al., 2010) . The expression of GATA3 and CDX2 in preimplantation embryos is in turn regulated by the TEA DNA binding domain/transcription enhancer factor (TEAD/TEF) family transcription factor TEAD4 ( Fig. 4 ; Yagi et al., 2007; Nishioka et al., 2008; Ralston et al., 2010) . Although TEAD4 is expressed in both inside and outside cells, its activity is spatially regulated along the inside -outside axis of the embryo (Nishioka et al., 2009) . In cells localized at the outside, TEAD4 acts in conjunction with the TEAD coactivator protein YAP. However, in inside cells, YAP is excluded from the nuclei by the Hippo signalling pathway component LATS ( Fig. 4 ; Nishioka et al., 2009) . TEAD4 is therefore inactive in inside cells and consequently Cdx2 and Gata3 are not expressed in these cells. To summarize, the first lineage segregation that results in the formation of the trophectoderm and the ICM is governed by Hippo signalling, which patterns the cooperative activity of YAP and TEAD4 to the outer cells of the embryo. In these cells, YAP and TEAD4 induce the expression of the trophectoderm genes Cdx2 and Gata3, which in turn leads to the induction of a trophoblast gene expression programme and the down-regulation of POU5F1. In inner cells, TEAD4 activity is suppressed by LATS-mediated reduction of nuclear YAP localization and initial POU5F1 expression is maintained.
Segregation of the primitive endoderm and the epiblast
In mouse embryos, SOX2 plays an important role in the development of the pluripotent epiblast. The expression pattern of SOX2 in preimplantation embryos is comparable with that of POU5F1 and indeed Sox2 null embryos die around implantation due to a defective epiblast development (Avilion et al., 2003) . The SOX2/POU5F1-positive ICM of embryonic day 3.5 (E3.5) blastocysts has a heterogeneous constitution and consists of cells that express the transcription factor GATA6 and other cells that express the transcription factor NANOG (Fig. 5) . The GATA6-and NANOG-positive cell populations are the precursors of, respectively, the primitive endoderm and the pluripotent epiblast. Embryos from which Nanog has been genetically deleted lack pluripotent epiblast cells and, in agreement, ICM cells from E3.5 Nanog mutants differentiate into endoderm-like cells when cultured in vitro (Mitsui et al., 2003) . In embryos that lack Gata6, primitive endoderm formation is initiated, but no functional visceral endoderm is formed in post-implantation embryos (Morrisey et al., 1998; Koutsourakis et al., 1999) . Consistent with their in vivo roles POU5F1, SOX2 and NANOG are expressed in pluripotent ES Figure 3 The first two lineage segregation events in mammals. From left to right: three successive stages (morula, early blastocyst and late blastocyst) in mammalian development. The two consecutive lineage segregation events that occur in this developmental period are schematically depicted below these embryonic stages. The first segregation of cell lineages occurs in morula stage embryos and results in the formation of the trophectoderm (brown) and the cells of the ICM (red). In the ICM, this event is followed by a second segregation event that initially results in the formation of randomly distributed primitive endoderm precursors (green) and epiblast precursors (red). These cells are subsequently sorted out to form the primitive endoderm and the pluripotent epiblast at the late blastocyst stage.
Different shades of mammalian pluripotent stem cells cells, whereas CDX2, GATA3 and GATA6 are not. Human ES cell generation is optimal when Day 6 blastocysts are used, which coincides with restricted expression of POU5F1 to the ICM and of CDX2 to the trophectoderm (Chen et al., 2009) . At this stage of development, NANOG is expressed in a subset of the ICM cells .
The mosaic expression of Gata6 and Nanog in mouse embryos depends on FGF-mediated GRB2-Ras-MAP kinase signalling (Chazaud et al., 2006) . GRB2 activation through FGF-signalling leads to the suppression of Nanog and the activation of Gata6 (Chazaud et al., 2006; Hamazaki et al., 2006) . As such, mouse Grb2 2/2 embryos fail to develop primitive endoderm and have a homogenous ICM of which all cells express NANOG but do not express GATA6 (Cheng et al., 1998; Chazaud et al., 2006) . The Grb2 2/2 phenotype is similar to those of mouse embryos lacking Fgf4 or Fgfr2, which also fail to develop primitive endoderm (Feldman et al., 1995; Wilder et al., 1997; Arman et al., 1998) . The role of FGF in the development of the mouse primitive endoderm has been further confirmed by adding exogenous FGF4 or small chemical compounds that interfere with FGF-signalling to mouse embryo cultures (Nichols et al., 2009b; Yamanaka et al., 2010) . Small molecule inhibition of FGF-receptor activation, or of MEK in developing mouse embryos from the 8-cell stage until the blastocyst stage, blocks primitive endoderm formation and results in fewer precursors of the primitive endoderm and more epiblast precursors than in control embryos (Nichols et al., 2009b; Yamanaka et al., 2010) . Nevertheless, when inhibitors are removed from the culture before E3.75, the embryos recover and restore a mutually exclusive expression pattern of NANOG and GATA6, which subsequently segregate into the primitive endoderm and the epiblast. In a comparable regulative manner, embryos that have been initially cultured in control media up to E3.75 develop ICMs that consist entirely of NANOGpositive cells when transferred to conditions in which FGF-signalling is inhibited (Yamanaka et al., 2010) . This plasticity of ICM cells to convert from epiblast progenitor to primitive endoderm progenitor and vice versa is progressively lost after E4.0 (Yamanaka et al., 2010) . The plasticity of ICM cells is reminiscent of the plasticity of the various populations in ES cells that are in dynamic equilibrium, such as the NANOG-positive and NANOG-negative populations (Chambers et al., 2007) .
FGF4-stimulation of embryos results in effects that are opposite to FGF-inhibition. The ICMs of preimplantation mouse embryos that have been cultured from E1.5 onwards in the presence of exogenous FGF4 develop more primitive endoderm precursors (Yamanaka et al., 2010) . From E4.0 to E4.5 onwards, exogenous FGF4 does not alter the constitution of the ICM, which demonstrates that at this stage plasticity is lost and the epiblast and primitive endoderm cell lineage are committed (Yamanaka et al., 2010) . Thus, modulating FGFsignalling before E4.0 can shift the fate of ICM cells to either primitive endoderm or pluripotent epiblast.
Small chemical compounds that interfere with FGF-signalling have also been used to block differentiation of ES cells. Chemical inhibition of MEK and GSK3b (negative regulator of WNT-signalling) enables feeder-free maintenance of mouse ES cells in the absence of growth factors or cytokines. It has been proposed that ES cells are intrinsically self-renewing and maintain this state if properly shielded from inductive differentiation and this condition has therefore been referred to as the ground state of ES cell self-renewal . Similar conditions with combinations of small molecule inhibitors have enabled the generation of germline competent ES cells from previously non-permissive strains of mice (Nichols et al., 2009a) . Furthermore, these conditions allowed the derivation of the first authentic rat ES cells with germline-competence (Buehr et al., 2008; Li et al., 2008) .
Since the first reports of mouse ES cells in the 1980s, ES cell lines have been derived from mouse (Evans and Kaufman, 1981; Martin, 1981) , rat (Buehr et al., 2008; Li et al., 2008 ) and a few primate Figure 4 The segregation of the trophectoderm from the ICM. The segregation of the trophectoderm and the ICM is governed by Hippo signalling. In the outer cells of the embryo (left). Hippo signalling is suppressed possibly as a result of a signal generated by cell polarity. YAP is translocated to the nucleas where it co-operates with TEAD4 to induce the expression of the trophectoderm genes Cdx2 and Gata3, which in turn leads to the induction of a trophoblast gene expression program and the down-regulation of POU5F1. In inner cells (right), Hippo signalling is active resulting in LATS-mediated phosphorylation of YAP. Phosphorylated YAP is sequestered in the cytoplasm. In the absence of nuclear YAP localization, TEAD4 remains inactive, the trophectoderm genes Cdx2 and Gata3 are consequently not expressed, and initial POU5F1 expression is maintained (Nishioka et al., 2009). species; e.g. rhesus monkey (Thomson et al., 1995) and human (Thomson et al., 1998) . Why most other mammals have been recalcitrant when it comes to ES cell derivation remains enigmatic, but may be caused by crucial differences in early embryo development between species (Kuijk et al., 2008) . To better understand differences in establishment and maintenance of the pluripotent cell population in various species, it is essential to do functional studies on early development in species other than the mouse. It is to be expected that the use of small chemical compounds to block differentiation will facilitate ES cell derivation from hitherto non-permissive species.
The role of pluripotency factors in ES cells
In both human and mouse ES cells, the transcription factors POU5F1, SOX2 and NANOG can bind to the same promoter regions of a large number of genes, thereby regulating transcriptional activity of these genes (Boyer et al., 2005; Loh et al., 2006; Chen et al., 2008; Sharov et al., 2008) . Targets include genes that code for transcription factors, signal transduction components and epigenetic modifiers that cooperatively promote pluripotency and self-renewal. In addition, POU5F1, SOX2 and NANOG bind to the promotors of genes that are silent in ES cells, expression of which is associated with lineage commitment and differentiation ( Fig. 6 ; Boyer et al., 2005; Loh et al., 2006; Sharov et al., 2008) . These findings demonstrate that POU5F1, SOX2 and NANOG act together to control pluripotency. Indeed individual depletion of each factor leads to increased expression of genes that are implicated in developmental processes and differentiation (Niwa et al., 2000; Chambers et al., 2003; Matin et al., 2004; Boyer et (Boyer et al., 2005) , which is considered to facilitate stability of the pluripotent state (Masui et al., 2007; Jaenisch and Young, 2008) . While LIF plays an important role in the derivation and maintenance of murine ES cells, it is not required during early murine embryonic development. In the absence of LIF or its receptors, embryos develop normally, at least until mid-gestation (Stewart et al., 1992; Yoshida et al., 1994; Li et al., 1995; Ware et al., 1995; Nakashima et al., 1999) . However, mutant embryos that lack the LIF-receptor Gp130 fail to develop an epiblast if implantation is delayed by diapause; i.e. delayed implantation common to lactating females (Nichols et al., 2001) . It has therefore been hypothesized that LIF signalling suppresses differentiation of epiblast progenitors to epiblast cells, which is consistent with the function of LIF signalling in diapause and in mouse ES cells. The responsiveness of mouse ES cells to LIF can therefore be attributed to the role of this cytokine in diapause (Nichols et al., 2001) .
In the absence of LIF, activation of Stat3 is sufficient to maintain ES cell pluripotency, which is achieved by activation of the transcription factors KLF4 and SOX2 ( Fig. 1 ; Niwa et al., 1998 Niwa et al., , 2009 Matsuda et al., 1999) . In addition to activating Stat3, LIF sustains self-renewal and pluripotency by activating the PI(3)K-Akt pathway, which results in the elevated transcription of Tbx3 and Nanog ( Fig. 1 ; Niwa et al., 2009) . Overexpression of Klf4, Tbx3 (Niwa et al., 2009) 
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Epigenetics and pluripotency
Lineage segregation events in early embryo development are characterized by a progressive restriction in cellular plasticity of the newly formed cells. This increasing loss in developmental potential is established through epigenetic modifications, which are heritable nongenetic alterations that influence the transcriptional activity of genes. Through the acquisition of different epigenetic programmes, daughter cells of one fertilized oocyte can give rise to phenotypically distinct cell types even though these cells are genetically identical: the best-known examples of epigenetic modifications are DNA methylation and histone modifications.
DNA methylation
DNA methylation is established by the covalent binding of a methyl group to the five position of a cytosine residue often in the context of a cytosine followed by guanine (CpG) dinucleotide. DNA methylation is performed by a group of enzymes called DNA methyltransferases (Dnmts). De novo DNA methylation is accomplished by DNMT3a and DNMT3b (Okano et al., 1999) . Upon DNA replication, DNA methylation patterns are copied to the newly synthesized DNA strand by Dnmt1, which ensures that the appropriate levels and patterns of DNA methylation are maintained after each cell division (Leonhardt et al., 1992; Li et al., 1992; Lei et al., 1996) . Targeted deletion of DNMT3a and DNMT3b results in embryonic lethality, which demonstrates that de novo DNA methylation is vital for normal development (Okano et al., 1999) .
DNA methylation patterns are dynamically regulated throughout early development and these changes are necessary to establish DNA methylation patterns that are consistent with the pluripotent phenotype of ICM cells of blastocyst stage embryos (Farthing et al., 2008) . In the mouse, there is a rapid global decrease in DNA methylation of the paternal genome shortly after fertilization, preferentially in the Line1 family of transposons (Lane et al., 2003; Farthing et al., 2008) , whereas DNA methylation patterns of the maternal genome decrease more gradually during the first cleavage divisions (Mayer et al., 2000) . During the following cell divisions until the blastocyst stage, global methylation levels decrease further probably because at these stages DNMT1 is actively retained in the cytoplasm, thereby preventing maintenance of DNA methylation (Carlson et al., 1992; Rougier et al., 1998; Cardoso and Leonhardt, 1999) . From the morula up to the blastocyst stages there is a cellspecific wave of de novo DNA methylation, which results in extensive DNA methylation in the ICM, but less DNA methylation in the trophectoderm of blastocyst stage embryos (Dean et al., 2001; Santos et al., 2002) .
Epigenetic regulation through DNA methylation seems to play an important role in pluripotency. In mouse ES cells, genes that have promoters with high CpG content are generally hypomethylated, whereas genes with relatively low CpG content are hypermethylated Mohn et al., 2008) . During in vitro differentiation of mouse ES cells, the majority of the promoters maintain their methylation level, except for pluripotency genes and germline-specific genes that gain methylation levels after differentiation (Farthing et al., 2008; Mohn et al., 2008) .
The majority of promoter regions that are hypomethylated in mouse ES cells have similar low levels of methylation in sperm cells (Farthing et al., 2008) . These regions appear to have been epigenetically prepared to participate in the development of a totipotent embryo. A notable exception is the DNA methylation pattern at the promoter regions of Nanog, which is hypermethylated in sperm cells (Imamura et al., Figure 6 A network controlling pluripotency. The transcription factors POU5F1, SOX2 and NANOG bind to the same promoter regions of a large number of genes, thereby regulating transcriptional activity of these genes (Boyer et al., 2005; Loh et al., 2006; Chen et al., 2008; Sharov et al., 2008) . The cooperative binding of these factors results in the activation of genes that code for transcription factors, signal transduction components, and epigenetic modifiers that promote pluripotency and self-renewal, including Pou5f1, Sox2 and Nanog (arrows). In addition, POU5F1, SOX2 and NANOG bind to the promotors of genes that are silent in ES cells, expression of which is associated with lineage commitment and differentiation (blunted arrows).
2006; Farthing et al., 2008) . The paternal allele of the Nanog promoter is demethylated after fertilization to allow faithful NANOG expression in blastocyst stage embryos (Farthing et al., 2008) .
DNA methylation dynamics in early human embryo development seem to deviate from those of the mouse, particularly at the expanded blastocyst stage. In human zygotes, the paternal pronucleus generally has lower DNA methylation levels than the maternal pronucleus, although not to the same extent as in the mouse (Beaujean et al., 2004; Fulka et al., 2004) . Similar to the mouse, human embryos have progressively weaker DNA methylation patterns at later stages in preimplantation development. However, at the expanded blastocyst stage the pattern in the human is the inverse of that in the mouse, with higher DNA methylation levels in the trophectoderm versus the ICM (Fulka et al., 2004) . It would be interesting to investigate whether these differences in methylation patterns contribute to the differences between human and mouse ES cells.
Imprinting
Imprinting is an epigenetic type of gene regulation established through DNA methylation that allows mono-allelic and parent-of-origindependent gene expression. Imprint marks are erased and reset during gametogenesis at differentially methylated DNA regions that serve as imprinting control regions (Hemberger et al., 2009) . The association of defects in erasure, establishment and maintenance of imprints in a variety of human disorders and diseases underscores the importance of appropriate imprinting (Murphy and Jirtle, 2003) . Imprinting plays a critical role regulating placental growth and suckling behaviour and thereby growth through nutrient partitioning between the mother and the fetus/baby ). In general, maternally expressed imprinted genes limit fetal growth while paternally expressed imprinted genes promote fetal growth (Tada et al., 1998) . The dynamics of imprint erasure and establishment of new imprints are important and dynamic epigenetic processes in germ cells (discussed below).
Histone modifications
The fundamental structure of chromatin is composed of spherical particles called nucleosomes that recur every 200 + 40 base pairs (Oudet et al., 1975; McGhee and Felsenfeld, 1980; Luger et al., 1997) . They are assembled from two copies each of histone proteins H2A, H2B, H3 and H4, around which 146 base pairs of DNA are wrapped in 1.67 left-handed superhelical turns (Luger et al., 1997) . Importantly, the N-terminus of histone tails protrude from this nucleosome structure and can be chemically modified at certain residues by methylation, acetylation, phosphorylation, sumoylation or ubiquitination (Goldberg et al., 2007) . These modifications have great impact on DNA accessibility and transcriptional activity.
In ES cells, a large number of lineage-specific genes are acetylated at lysine residue 9 of histone 3 (H3K9) and methylated at lysine 4 of histone 3 (H3K4). In addition to these markers of open chromatin, the same genes are marked with repressive tri-methylation at lysine residue 27 of histone 3 (H3K27me3; Azuara et al., 2006; Bernstein et al., 2006; Zhao et al., 2007) . These opposing epigenetic modifications are called bivalent domains and it has been hypothesized that by these epigenetic modifications genes are primed for transcription, but elongation of transcripts is repressed (Azuara et al., 2006; Bernstein et al., 2006) . Thus, bivalent domains may enable pluripotency of ES cells by silencing genes encoding developmentally important transcription factors while keeping them poised for activation (Bernstein et al., 2006) .
In addition to the DNA methylation patterns that seem to prepare the DNA of sperm cells to participate in the developing embryo (Farthing et al., 2008) , human sperm cells have histone modifications that also seem to prepare the sperm cells for future embryo development (Hammoud et al., 2009) . For example, there is significantly more, H3K27me3 AT promoters of developmental genes in sperm and there is considerable overlap with the pattern of H3K27me3 in ES cells. Furthermore, bivalent genes have been detected in sperm cells that bear both the repressive mark H3K27me3 and the active mark H3K4me3 reminiscent of patterns in ES cells (Hammoud et al., 2009 ).
Chromatin remodelling complexes
Chromatin structure can be further modified through the activity of ATP-dependent complexes that affect nucleosome mobility and thereby may alter gene expression (Ho and Crabtree, 2010) . Four families of ATP-dependent chromatin remodelling complexes can be recognized: SWI/SNF, ISWI, CHD and INO80 complexes (Ho and Crabtree, 2010) .
Particular assemblies of chromatin remodelling complexes are essential for pluripotency of cells. For instance, in mouse ES cells, a SWI/SNF complex called esBAF (ES cell-specific Brahma-associated factor) is essential for self-renewal and pluripotency (Ho et al., 2009b) . The core ATPase subunit of esBAF is BRG, which has a genome-wide high degree of overlap in binding affinity to target genes that are also bound by the core pluripotency network of transcription factors POU5F1, SOX2 and NANOG (Ho et al., 2009a) .
Nucleosome-remodelling and histone deacetylase (NURD) complexes belong to the CHD family of chromatin remodelers. Like esBAF complexes, NURD complexes function as transcriptional repressors. Indeed, mouse ES cells from which the NURD-component MBD3 has been genetically deleted no longer require LIF for self-renewal, but they fail to commit to developmental lineages after differentiation is initiated (Kaji et al., 2006) .
The pluripotency factors NANOG and POU5F1 interact with MTA1, a core component of NURD complexes, to form a unique deacetylase complex called NODE (NANOG and OCT4 associated deacetylase) (Liang et al., 2008) . The activity of NODE is functionally distinct from MBD3 containing NURD complexes. Whereas MBD3-deficient ES cells fail to differentiate properly, mouse ES cells that lack the NODE component MTA1 differentiate even in the presence of LIF (Liang et al., 2008) . These studies demonstrate that ATPasedependent chromatin remodelling complexes are important for pluripotency of ES cells.
X chromosome inactivation
An epigenetic process that is strongly associated with loss of pluripotency in mice is X chromosome inactivation. X chromosome inactivation occurs in female cells to obtain a similar dosage of X-linked gene expression levels as male cells that have just one X chromosome. In early female embryo development of the mouse, the paternally inherited X chromosome is firstly inactivated from the 4-cell stage onward (Patrat et al., 2009) . At the blastocyst stage, the paternally inherited X chromosome becomes reactivated in the ICM and, consequently, there are temporarily two active X chromosomes. Shortly thereafter, one of the active X chromosomes is randomly inactivated in the ICM (Mak et al., 2004; Okamoto et al., 2004) . Random X chromosome inactivation is a stochastic process that starts with counting the number of X chromosomes and subsequent selection of the future active and inactive X chromosomes (Monkhorst et al., 2008) . The non-coding RNA Xist plays an important role in X-inactivation. Xist RNA coats the inactive X chromosome and attracts protein complexes that are also required for the silencing process (Brockdorff et al., 1992; Brown et al., 1992; Zhao et al., 2008) .
Comparable with the ICM cells from which they have been derived, female mouse ES cell lines have two active X chromosomes, but upon differentiation, one of the X chromosomes is randomly inactivated in each cell. Recently, mechanistic insight was provided for this negative correlation between Xist activity and pluripotency of cells. NANOG, POU5F1 and SOX2 can bind to intron 1 of Xist, thereby repressing the X-inactivating activity of this gene (Navarro et al., 2008) . The up-regulation of the pluripotency factors NANOG, POU5F1 and SOX2 in early mouse embryo development may therefore lead to the inhibition of Xist and consequently to the reactivation of the paternal X chromosome. This is supported by the observation that female mouse embryos lacking NANOG fail to reactivate the inactive paternal X chromosome and do not develop pluripotent epiblast cells (Silva et al., 2009) . Blastocysts that have experimentally induced high numbers of NANOG-positive cells also have more cells with two active X chromosomes than control embryos (Nichols et al., 2009b) .
Other types of pluripotent stem cells
In addition to ES cells and EpiSCs, pluripotent stem cells have also been derived from a variety of other sources.
Embryonal carcinoma cells
Teratocarcinomas are a subset of germline tumours that have an additional component of malignant undifferentiated stem cells called embryonal carcinoma (EC) cells (Andrews, 1988) . In males of the 129 mouse strain, 1% spontaneously develops teratocarcinomas (Stevens and Little, 1954) , but teratoma formation can also be experimentally induced by subcutaneous or testicular injection of periimplantation embryos into host mice (Kirby, 1963; Stevens, 1964 Stevens, , 1970 . A subset of these induced tumours will be malignant and can be progressively re-transplanted into new hosts, demonstrating that they harbour cells that have self-renewal capacity (Stevens, 1970) . Mouse EC cell lines have limited differentiation potential and contribute poorly to chimeric mice probably due to genetic aberrations, although some mouse EC cell lines can give rise to germline chimeras (Mintz and Illmensee, 1975) . Importantly, in 1967 it was described how mouse EC cells can be cultured in vitro without loss of pluripotency (Finch and Ephrussi, 1967) .
Human EC cell lines were first cultured as permanently transplantable xenografts in hamster cheek pouches (Pierce et al., 1957) , but in the 1970s in vitro cultures were established (Fogh and Trempe, 1975; Hogan et al., 1977) . The developmental potential of most human EC cell lines is poor, probably due to high degrees of aneuploidy (Andrews, 2002; Yu and Thomson, 2008) . Nevertheless, human EC cell lines have been described with multilineage differentiation potential (Pera et al., 1989; Teshima et al., 1988) and several human EC lines such as TERA-2 can be induced to differentiate into multiple cell types by exposure to retinoic acid or by teratoma formation in mice (Andrews, 1984; Andrews et al., 1984) . The pluripotent human EC cells are rather similar to human ES cells, exemplified by for instance high levels of alkaline phosphatase activity, expression of the cell surface antigens SSEA3 and SSEA4, expression of the transcription factors POU5F1 and NANOG, and the ability to differentiate towards cells that resemble trophectoderm (Andrews, 2002) .
Embryonic germ cells
PGCs can also convert to pluripotent cells, when they are cultured in vitro on feeders in the presence of stem cell factor, LIF and bFGF (Matsui et al., 1992; Resnick et al., 1992) .
In mouse development, the first identifiable PGC progenitors initially have a mesodermal character (McLaren and Lawson, 2005) . However, this preliminary mesodermal character is gradually replaced by an expression pattern that, through the expression of some key pluripotency genes such as Sox2 (Yabuta et al., 2006) and Nanog (Yamaguchi et al., 2005) is reminiscent of ES cells and the pluripotent epiblast. Transcriptional similarities between PGCs and ES cells are maintained between E8.5 and E13.5 (Mise et al., 2008) , which coincides with the developmental period during which EG cell lines can be derived (Matsui et al., 1992; Resnick et al., 1992; Labosky et al., 1994; Stewart et al., 1994; Durcova-Hills et al., 2006) . NANOG is important for proper germ cell development as illustrated by the inability of Nanog 2/2 germ cells to survive beyond E11.5 (Chambers et al., 2007) . POU5F1 is also expressed in PGCs and germ cell-specific loss of this factor results in premature apoptosis prior to colonization of the genital ridges (Kehler et al., 2004) . In the mouse, newly emerging and migratory germ cells undergo genome-wide epigenetic reprogramming events. For example, in newly formed PGCs of female embryos the inactive X chromosome is gradually reactivated between E7.5 and E12.5 (Chuva de Sousa Sugimoto and Abe, 2007) . Furthermore, between E7.5 and E8.5, a shift from H3K9me2 towards H3K27me3 can be observed (Seki et al., 2005; Hajkova et al., 2008) . Strikingly, EG cells have thus far only been derived from PGCs beyond E8.5, which indicates that the epigenetic changes that take place before E8.5 are essential for the establishment of EG cells.
From E10.5, when mouse PGCs colonize the gonads, germ cells are subjected to DNA demethylation of imprinted genes and extensive histone modifications, by which the epigenome of the germline is reset (Hajkova et al., 2002 (Hajkova et al., , 2008 . This process is essential for the germline to set-up gender-specific imprinting patterns later in development. In males, imprints are prenatally established in diploid gonocytes and in females imprints are established at the diplotene stage of meiosis (Murphy and Jirtle, 2003) . Accordingly, mouse EG cell lines derived from E11.5 and E12.5 germ cells lack imprints of differentially methylated regions (Labosky et al., 1994; Tada et al., 1998) . Chimeras made with these imprint-free EG cells display fetal overgrowth and skeletal abnormalities (Tada et al., 1998) . In contrast, EG cells derived from E8.5 to E11.5 retain imprints and can contribute to healthy chimeras (Tada et al., 1998) .
Several labs have reported the generation of human EG cell lines from gonadal germ cells of 5-9-week-old human embryos (Shamblott et al., 1998; Turnpenny et al., 2003; Liu et al., 2004) . The efficiency of deriving new EG cell colonies correlates well with the number of POU5F1-positive cells in the fetal testis (Kerr et al., 2008) . Human EG cell lines resemble mouse EG cells in morphology and growth requirements, but they are difficult to maintain undifferentiated and form EBs spontaneously in culture. As a result, long-term culture (.30 passages) of these cells has not been demonstrated.
Interestingly, in contrast to human ES cells, human EG cells do not have the capacity to generate teratomas in nude mice, even though human EG cells express the pluripotency markers POU5F1, NANOG, SSEA4, TRA-1-61, TRA-1-80 and alkaline phosphatase (Shamblott et al., 1998; Turnpenny et al., 2003 Turnpenny et al., , 2005 Liu et al., 2004) . However, unlike human ES and EC cells, human EG cells are positive for SSEA-1 (Shamblott et al., 1998 (Shamblott et al., , 2001 . Another difference between human ES cells and human EG cells is that the latter do not express SOX2 (Perrett et al., 2008) . It is possible that human EG cells are incapable of self-renewal and have low differentiation potential in teratoma assays because they lack critical SOX2 expression. Since these cells endogenously express POU5F1 and NANOG, it would be interesting to examine if their developmental potency and self-renewal capacities can be enhanced by the introduction of exogenous SOX2.
Analogous with mice, derivation of EG cell lines from human PGCs at developmental stages before the colonization of the developing gonads might prove more successful for the establishment of EG cell lines that display self-renewal and can differentiate into all three germ layers.
Testis-derived multipotent stem cells
The germline seems to be particularly permissive to the derivation of pluripotent stem cells, because in addition to germ cell tumors and PGCs, SSCs are another potential source of pluripotent stem cell lines. SSCs originate from gonocytes that migrate to the basal membrane of the seminiferous tubules shortly after birth (de Rooij and Russell, 2000) . Although SSCs are unipotent and can only differentiate to sperm cells in vivo, several groups have independently reported that in vitro cultured SSCs derived from neonate or adult mice gave rise to pluripotent cell colonies that resemble ES cells (Kanatsu-Shinohara et al., 2004; Guan et al., 2006; Seandel et al., 2007; Kanatsu-Shinohara et al., 2008; Ko et al., 2009) . These SSC-derived pluripotent cells were given various names such as ES-like cells (Kanatsu-Shinohara et al., 2004) , multipotent adult germline stem cells (maGSCs; Guan et al., 2006) , and germline-derived pluripotent stem cells (gPS cells; Ko et al., 2009) .
After testicular transplantation, cultured SSCs can restore spermatogenesis, whereas the pluripotent cells that have been derived from SSCs give rise to teratomas after transplantation (Ko et al., 2009) .
Pluripotent stem cells derived from neonate mouse testis have different epigenetic properties from those derived from adult mouse testis. The androgenetic DNA methylation patterns of H19 and Igfr2 in pluripotent stem cells that have been derived from adult SSCs indicate that imprints are unaffected by the conversion (Ko et al., 2009 ). In contrast, pluripotent stem cells that have been derived from neonatal mouse testis have largely erased imprinting patterns reminiscent of gonocytes (Kanatsu-Shinohara et al., 2004) , suggesting that ES-like cells from neonate mouse testis originate from germ cells that had not yet been subjected to imprinting reset.
Various recent reports have independently shown that pluripotent stem cells can also be generated from biopsies of human testes (Conrad et al., 2008; Golestaneh et al., 2009; Kossack et al., 2009; Mizrak et al., 2009) . These cells share characteristics with human ES cells such as the expression of various markers for pluripotency, high telomerase activity, in vitro differentiation potential and the capacity to form teratomas with derivatives of the three germ layers upon subcutaneous injection into immunocompromised mice (Conrad et al., 2008; Golestaneh et al., 2009; Kossack et al., 2009; Mizrak et al., 2009) .
Importantly, it has been described that pluripotent stem cells derived from human SSCs are not capable of giving rise to teratomas at similar efficiencies as human ES cells, which could indicate that not all cells had been fully converted to pluripotency (Golestaneh et al., 2009; Kossack et al., 2009; Mizrak et al., 2009 ).
Reprogramming of somatic cells
In addition to the germline and ICM origins of pluripotent stem cell lines described above, various methods have been described that can be used to reprogramme somatic cells to a pluripotent state. These techniques are particularly interesting for regenerative medicine purposes, because they can potentially be used to generate pluripotent stem cell lines that are immunocompatible with the patient. Such patient-specific stem cell lines would circumvent the risk that grafted cells are rejected after transplantation. In addition, patientspecific stem cells could be useful to study the aetiology of disease and for drug development.
One approach for the derivation of patient-specific pluripotent stem cell lines is fusion of somatic cells with pluripotent cells. In the mouse, it has been demonstrated that somatic cells can be reprogrammed to a pluripotent state by fusion with EC, ES or EG cells Ruddle, 1976, 1977; Tada et al., 1997 Tada et al., , 2001 . Similarly, human somatic cells have been reprogrammed to pluripotency through fusion with ES cells. The pluripotent developmental potential of these hybrid cell lines has been confirmed in vitro by embryoid body formation and in vivo by teratoma formation (Cowan et al., 2005; Yu et al., 2006) . However, because these hybrid cells are tetraploid, they are unlikely candidates for cell therapies.
Patient-specific pluripotent stem cell lines can, in theory, also be derived through 'therapeutic cloning'. With this technique, somatic cells from patients are used in somatic cell nuclear transfer (SCNT). The resulting embryos can subsequently be used for the derivation of ES cell lines. However, 'therapeutic cloning' has proved to be difficult and so far no true human ES cell lines of SCNT-origin have been successfully generated. Owing to these various ethical and practical difficulties and due to the development of a promising new technique to reprogramme somatic cells, the interest for therapeutic cloning has declined over the past few years.
The new development that is mainly responsible for the diminishing interest in therapeutic cloning is the discovery that somatic cells (e.g. fibroblasts and mature B lymphocytes) can be reprogrammed to pluripotency upon ectopic induction of the transcription factor genes c-Myc, Klf4, Pou5f1 and Sox2 to form iPS cells (Takahashi and Yamanaka, 2006; Hanna et al., 2008) . Importantly, mouse iPS cells have passed all tests of pluripotency including the stringent tetraploid complementation assay (Boland et al., 2009; Kang et al., 2009; Zhao et al., 2009) .
The therapeutic potential of iPS cells has been demonstrated in a humanized sickle cell anemia mouse model. Firstly, the human sickle haemoglobin allele was corrected by gene-specific targeting of iPS cells derived from this mouse model. Haematopoietic progenitors that were subsequently derived from these corrected iPS cells could reconstitute the haematopoietic system of the sickle cell anemia mice and correct the disease phenotype (Hanna et al., 2007) .
Mouse iPS cells reprogrammed with c-Myc, Klf4, Pou5f1 and Sox2 exhibit a high degree of tumorigenicity in chimeras and their progeny through reactivation of the oncogenic transgene C-MYC (Okita et al., 2007) . The carcinogenic potential of iPS-derived cells is a major obstacle for applications such as cell therapies. However, more recent studies have conveniently demonstrated that C-MYC is dispensable for the reprogramming process (Nakagawa et al., 2008; Wernig et al., 2008) . Moreover, neural stem cells endogenously express SOX2, KLF4 and C-MYC and can be reprogrammed to pluripotency with a single exogenous factor, namely POU5F1 . It is questionable whether reprogramming of the somatic epigenome is uniquely dependent on these three/four factors, or that there is perhaps a larger set of factors that in various combinations can lead to nuclear reprogramming.
The ectopic expression of the four reprogramming factors resets the epigenome of somatic cells to one that highly resembles that of pluripotent stem cells (Maherali et al., 2007) . For example, female mouse iPS cells have reactivated their silenced X chromosome and upon differentiation one of the two X chromosomes is again silenced (Maherali et al., 2007) . Furthermore, in contrast with their somatic antecedents, the Nanog and Pou5f1-promoter regions are largely unmethylated in iPS cells (Maherali et al., 2007; Okita et al., 2007; Wernig et al., 2007) . Moreover, iPS cells have global H3K4me3 and H3K27me3 resembling the bivalent domains of mouse ES cells (Maherali et al., 2007; Wernig et al., 2007 , Yu et al., 2009 .
Various other combinations of reprogramming factors have been used for the generation of iPS cell lines and certain combinations seem to yield better quality iPS cells than others in terms of their in vivo developmental potential. For example, mouse cells reprogrammed with Pou5f1, Sox2, Klf4 and Tbx3 have higher germline transmission frequencies in chimaeras than iPS cells that were reprogrammed with Pou5f1, Sox2 and Klf4 (Han et al., 2010) .
Mouse ES cells are more efficient in giving rise to viable mice in tetraploid complementation assays than genetically matched iPS cells are (Stadtfeld et al., 2010) . The transcriptional differences between mouse ES cells and genetically identical iPS cells mainly originate from the imprinted Dlk1 -Dio3 gene cluster on chromosome 12, which is maternally expressed. In most iPS cells, this gene cluster is silenced and only in a small proportion of iPS cells the activity of genes on this cluster is similar to that of ES cells. The activity of genes on this gene cluster is predictive for the developmental potential of iPS cells in chimeras and in tetraploid complementation assays (Stadtfeld et al., 2010) . It seems that in iPS cells this gene cluster is silenced during the reprogramming process, by an as yet unknown mechanism.
Human iPS cells have been generated by lentiviral transduction of the same reprogramming factors used to create mouse iPS cells (POU5F1, SOX2, KLF4 and C-MYC; Takahashi et al., 2007; Yu et al., 2007) and with a subset of these factors in combination with NANOG and LIN28 . Human iPS cells resemble human ES cells in growth conditions, colony morphology, transcriptome, expression of cell surface antigens, and potential to differentiate into all three germ layers in in vitro differentiation and teratoma assays. The fact that the same genes can induce pluripotency in human and mouse suggests conservation between species of the transcriptional network of pluripotency even though the extrinsic factors and signals that maintain pluripotency of iPS cells are not conserved between mouse and human.
Although human iPS cells closely resemble human ES cells, iPS cells have unique gene expression signatures that distinguish them from ES cells (Chin et al., 2009) . Human iPS cells have been reported to bear residual gene expression from the donor cell type used in the reprogramming process (Marchetto et al., 2009; Ghosh et al., 2010) . Genes involved in the differentiated state of the donor cells are not completely turned off after reprogramming and there is an incomplete induction of genes that are associated with pluripotency of stem cells. Moreover, various imprinted genes have aberrant expression levels in some human iPS cell lines as compared with human ES cells (Pick et al., 2009) .
In addition to transcriptional differences between human ES cells and human iPS cells, there are also indications of functional differences between these cell types. For example, reduced efficiencies have been reported for the differentiation of iPS cells towards retinal and hemangioblastic cell types Feng et al., 2010) . Moreover, differentiated derivatives from human iPS cells have been reported to have limited growth rates, be more apoptotic, and senesce earlier when compared with differentiated derivatives from human ES cells (Feng et al., 2010) .
Comparing human ES cells with genetically matched human iPS cells will shed light on the question of reported differences between human iPS cells and ES cells originating from differences in genetic background and the presence of viral transgenes, or faithfully representing fundamental differences between these pluripotent cell types. Furthermore, such an approach will elucidate whether imprinted genes are also aberrantly silenced in human iPS cells, as is the case for mouse iPS cells (Stadtfeld et al., 2010) .
Indubitably, iPS cells have been and will be extremely valuable for stem cell research and our understanding of pluripotency, but the current apparent differences between human iPS cells and human ES cells make it questionable whether iPS cells are suitable for regenerative medicine purposes at this time.
Conclusion
The study of pluripotent stem cells has progressed dramatically since the first derivation and culture of mouse ES cells in 1981. It has now become clear that various tissues can give rise to pluripotent stem cells in culture. Unexpectedly, it has even become possible to reprogram differentiated somatic cells to a pluripotent state. Although the ultimate goal of using pluripotent stem cells for regenerative medicine still seems a long way off, these cells can and already are being used in toxicity screens and drug screening/discovery experiments. In particular, the use of disease-specific stem cells can be informative in these types of experiments.
Despite the similarities between the various pluripotent stem cell types, there are important discrepancies, such as differences in transcriptional activity, developmental potential and epigenetic regulation. Dependent on the application, this variance could have significant effects on the outcome, for example in drug toxicity screens, directed differentiation experiments or future regenerative medicine. An important goal for the near future is to understand the underlying causes of the differences between the various pluripotent stem cell types. It is possible that we can use this knowledge to reprogramme somatic cells to a pluripotent state analogous to that of the pluripotent cells in blastocyst stage embryos.
The degree to which human pluripotent stem cells are indeed truly pluripotent cannot be established as thoroughly as is possible for mouse pluripotent stem cells, which makes it in some aspects difficult to compare these species. Remarkably, establishing ES cells from other mammalian species has proved to be more difficult, which could result from embryonic differences between mammals (Keefer et al., 2007; Kuijk et al., 2008) . It would be helpful if more knowledge could be obtained on the mechanisms that are important for self-renewal in the various stem cells types, as this could help the successful derivation of pluripotent cell types from mammals other than mice and humans. Indeed generation of iPS cells from various mammalian species might give new insights into the mechanisms responsible for self-renewal and pluripotency. 
